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Abstract
Multi-walled carbon nanotubes (MWCNTs) have been subjected to chemical treatment in order
to introduce hydrophilic functional groups on their surfaces. These covalently bonded groups did
enhance the solubility of MWCNTs in aqueous media as expected. Functionalized MWCNTs
were characterized using FTIR, Raman spectroscopy, TGA, X-ray diffraction, dispersion test and
TEM. Then, functionalized MWCNTs were incorporated in the hydrothermal synthesis method
of transition metal sulfide catalysts (CoMo, NiMo, and Ethylenediamine-CoMo Sulfides).
Catalysts were characterized using X-ray diffraction, TEM, SEM, N2 Gas adsorption-desorption,
elemental analysis, and Hydrodesulfurization (HDS) reaction of dibenzothiophene (DBT). The
objective was to study the functionalized MWCNTs’ effect; being used as a catalyst support; on
the efficiency of the catalysts in the process of HDS of DBT. Results showed that CoMoS 2 and
NiMoS2 catalysts supported by functionalized MWCNTs demonstrated higher selectivity
towards hydrogenation of DBT than unsupported catalysts. While in the case of
Ethylenediamine-CoMoS2 the chelating agent had no additional benefit over the catalytic activity
as was desired.
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Chapter: 1
Literature review

1.1.

Hydrotreating processes

Today, the goal of refineries is not only to maximize the conversion of crude oil to transportation
fuels but also to output cleaner and more eco-friendly products. To obtain the desired fuel
products, there are many individual processes that can be applied such as catalytic reforming,
fluid catalytic cracking, hydrocracking, thermal cracking and hydrotreating.

Hydrotreating processes are reductive hydrogen treatments of the organic molecules contained in
crude oil, to remove heteroatoms like nitrogen, oxygen or sulfur. Hydrotreating processes are
also used to upgrade and process crude oil into high-value products. The motivation to remove
sulfur and nitrogen from fuels is due to the fact that the burning of S and N containing fuels
presents a severe danger to the environment through the formation of acid rain from SO2 or NOx
emissions. The hydrotreating process needs a large amount of hydrogen to treat crude oils.
Pressure varies from 10-20 atm for naphtha to 25-40 atm for gas oil. Temperature conditions are
generally 320-340ºC. However, for some hydrocracking residues, pressure and temperature
conditions can reach 100-150 atm and 400-440ºC.

TMS catalysts, used in refineries, are mixed sulfides of Cobalt-Molybdenum (CoMo) or NickelMolybdenum (NiMo) with a promoter atomic ratio: Co(Ni)/[Co(Ni)+Mo(W)] between 0.2 and
0.4 [1], supported on high surface area materials such as alumina to increase dispersion of the
active component of the catalyst. Whereas CoMo sulfide is the favorite catalyst for
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hydrodesulphurization (HDS) reactions, the use of NiMo sulfide is preferred in
hydrodenitrogenation (HDN) reactions and hydrogenation processes, in order to treat feedstock
with a high concentration of unsaturated compounds.

Phosphorus is sometimes added to the alumina support to change the acidity of the support,
weakening the interaction of the Mo phase with it, resulting in lower dispersion of the Mo phase.
The catalytic influence of phosphorus strongly depends on its content, showing a negative effect
at high loadings. Phosphorus shows little effect on hydrodesulfurization but it shows a positive
effect for hydrodenitrogenation reactions, improving the selectivity toward hydrogenolysis
(removal of heteroelements) versus hydrogenation [2]. Besides, phosphorus provides better
resistance to coke formation in the hydrotreatment processes because of decreased acidity of the
γ-alumina support surface and increased C-N bond cleavage due to an increase in the surface
acidity of the support [3].

The role of the alumina support is primarily to disperse and stabilize the MoS2-based
hydrotreating catalyst, forming small stable MoS2 nanoclusters that present a high concentration
of MoS2 edge sites that results in an increase of the amount of Co (Ni) that can be accommodated
in the form of the active Co–Mo–S (Ni– Mo–S) structures [4]. This support effect is caused by a
strong interaction between MoS2 and Al2O3. The alumina also serves the function of making the
catalyst less expensive by diluting the metal. More acidic supports (SiO2-Al2O3, Y-zeolite) are
preferred for hydrocracking reactions. A massive number of papers were written in an attempt to
understand the effect of the support but, because of the highly disordered nature of the MoS 2
particles, little new light on the fundamental nature of the TMS catalysts was obtained.
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Refineries have to make a large effort to meet regulations imposed by EPA that established
maximum sulfur content of 50 ppm in gasoline and diesel which will be reduced to 10 ppm by
2010. These regulations create the necessity to apply severe hydrotreating processes (more
reactor volume, higher pressure and temperature). However, for gasoline hydroprocessing, this
can lead to an unacceptable huge drop in octane number due to the hydrogenation of olefins. For
refineries, this means an enormous investment in new desulphurization processes, leading to a
search for the most efficient and economical way to remove sulfur impurities from petroleum.
This leads to areas of opportunity to develop new and better materials through novel synthetic
methods described below that lead to catalysts with remarkable activity and selectivity.

1.1.1. Hydrodesulfurization
Hydrodesulfurization (HDS) is the process whereby sulfur is removed from organic sulfur
compounds (thiols, thiophenes, organic sulfides) that are present in petroleum feedstock by
treatment at high pressures with hydrogen gas at temperatures of 300-450°C yielding a sulfur
free organic compound and hydrogen sulfide. Organic sulfur compounds are undesirable in the
petroleum because they are acid rain precursors and a poison to catalytic reactions where
precious metal-based reforming catalysts are used in producing high octane gasoline. The most
recalcitrant compounds are thiophenes, which are present in petroleum from thiophene itself to
more condensed molecules such as benzothiophenes (BT) and dibenzothiophenes (DBT).

The sulfur compounds are very similar in their characteristics to hydrocarbons, for instance
vapor pressures, and this is why they cannot be isolated by distillation process. Sulfur containing
compounds present varying reactivity towards hydrodesulphurization. Reactivity is dependent
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upon the local environment of the sulfur atom in the molecule, and the overall shape of the
molecule. HDS is highly efficient at removing thiols, sulfides and disulfides, but is less effective
for aromatic thiophenes and thiophene derivatives, especially refractory compounds, those
containing functional groups that hinder the sulfur atoms. Sterically hindered dibenzothiophenes
that are substituted in the 4,6-positions such as 4,6-dimethyldibenzothiophene represent a major
challenge for researchers in HDS [1].

Table: 1. Some sulfur containing compounds in petroleum
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1.1.2. Hydrodesulphurization process description
In an industrial HDS unit, such as in a refinery, the hydrodesulphurization reaction takes place in
a fixed-bed reactor at elevated temperatures ranging from 300 to 450°C and elevated pressures
ranging from 30 to 130 atmospheres of absolute pressure, typically in the presence of a catalyst
consisting of an alumina base impregnated with cobalt and molybdenum. Figure 1 shows the
equipment and the process flow streams in a typical refinery HDS unit [5], where the liquid feed
is pumped up to the required elevated pressure and is connected by a stream of hydrogen-rich
recycle gas. The resulting liquid-gas mixture is preheated by flowing through a heat exchanger.
The preheated feed then flows through a fired heater where the feed mixture is totally vaporized
before entering the reactor and flowing through a fixed-bed of catalyst where the
hydrodesulphurization reaction takes place.

Figure: 1. Process flow streams in a typical refinery HDS unit [5].
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The hot reaction products are partially cooled by flowing through the heat exchanger and then
directed to a water-cooled heat exchanger before it flows through the pressure controller (PC)
where suffer a pressure reduction down to about 3 to 5 atmospheres. The resulting mixture of
liquid and gas enters the gas separator vessel at about 35 °C and 3 to 5 atmospheres of absolute
pressure [6]. The gas fraction is routed through an amine contactor for removal of the reaction
product, such as H2S that it contains. The H2S-free hydrogen-rich gas is then recycled back for
reuse in the reactor section. The liquid fraction from the gas separator vessel is routed through a
stripper distillation tower. The bottoms product from the stripper is the final desulfurized liquid
product from hydrodesulphurization unit. The hydrogen sulfide removed and recovered by the
amine gas treating unit is subsequently converted to elemental sulfur in a Claus process unit.

1.1.3. Hydrodesulphurization of dibenzothiophene: a model reaction
Among the variety of sulfur compounds present in the petroleum, Dibenzothiophene (DBT) has
served as a model compound for hydrodesulphurization reactions. According to Angelici [1],
HDS reactions performed with model compounds represent situations that are very different
from those used in industrial hydrotreating, however, they do provide realistic examples of how
reactants might adsorb and react, let us understand how these processes might occur and over the
years have provided an effective screening method for new catalysts.
The HDS of DBT proceeds through two different parallel pathways: the direct desulphurization
pathway (DDS), for which a direct C–S bond cleavage of the DBT molecule leads to biphenyl
(BP), or the hydrogenating pathway (HYD), which produces cyclohexylbenzene (CHB) by an
initial hydrogenation of one of the aromatic rings of the DBT followed by C–S bond rupture. The
HYD/DDS selectivity ratio is based on the product concentration ratio (CHB/BP) at steady state
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conditions. An intermediate primary hydrogenated product, tetrahydrodibenzothiophene
(THDBT) is formed along the HYD pathway (Figure 2).

Figure: 2. Hydrodesulphurization of Dibenzothiophene [7]
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1.2 Hydrodesulphurization catalysts
Despite the fact that sulfur metal compounds poison many metallic catalysts, transition metal
compounds such as molybdenum and tungsten, while converting to sulfides during use, retain
their ability to hydrogenate aromatic compounds [8] because their exceptional resistance to
poisons. Transition metal sulfides (TMS) find their application in removal of sulfur
(Hydrodesulfurization), removal of nitrogen (Hydrodenitrogenation) and petroleum feedstock
upgrading (hydrogenation). Pecoraro and Chianelli [9] established that many TMS are active in
the HDS of DBT, in which the 4d and 5d TMS shows a volcano–type activity trend, establishing
an activity scale for TMS as a function of the periodic position of the transition metal, as shown
in Fig. 3, proposing that the periodic activity trends can be explained by Sabatier behavior
(optimum in sulfur bond energy). The second and third rows of TMS were found the most active
with maximum for the group VIIIB metal sulfur systems. The order observed at 400C was
RuS2> Rh2S3 > PdS > MoS2 > NbS2 > ZrS2: second series OsSx > IrSx > ReS2 > PtS > WS2 >
TaS2: third series. The intrinsic activity change (activity/g of metal) varied over three orders of
magnitude and the maximum in the second transition series was observed between the most
active RuS2 and the least active MnS. Today, hydrotreating catalysts are mixed sulfides of
Cobalt-Molybdenum (CoMo) or Nickel-Molybdenum (NiMo) supported on high surface area
materials such as alumina to increase dispersion of the active component of the catalyst. Whereas
CoMo sulfide is the favorite catalyst for hydrodesulphurization (HDS) reactions, the use of
NiMo sulfide is preferred in hydrodenitrogenation (HDN) reactions and hydrogenation
processes.
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Figure: 3. Periodic trend observed by Pecoraro and Chianelli [9] for the HDS of DBT.

1.2.1 MoS2 catalysts structure
MoS2 is a layered compound consisting of stacks of S–Mo–S slabs held together by Van der
Waals interactions. Each slab is composed of two hexagonal planes of S atoms and an
intermediate hexagonal plane of Mo atoms, which are trigonal prismatic coordinated to the S
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atoms (Figure 4). The active phase on these hydrotreating catalysts has a MoS2-like structure,
and active sites are located at edge surfaces of the MoS2. Chianelli et al. [11] developed the RimEdge Model that correlates staking degree and selectivity properties for non-promoted and nonsupported catalysts (Figure 5).

.
Figure: 4. Molybdenum Disulfide Structure [10]

The Rim-Edge Model describes the active phase as MoS2 stacks where the top and bottom is
associated with Rim sites active in both the hydrogenation and hydrodesulphurization reactions
while the edges are associated with hydrodesulphurization reactivity only. Basal planes are
formed of completely coordinated sulfur atoms, making it almost inert. This model establishes
that the stack height of MoS2 slabs influences selectivity by varying the ratio of rim sites to edge
sites.

10

.
Figure: 5. Rim Edge Model [11]

1.2.2 Catalysts and mechanisms
The main HDS catalysts are based on MoS2 promoted with smaller amounts of other metals. The
nature of the sites of catalytic activity remains an active area of investigation, but it is generally
assumed that basal planes of the MoS2 structure are not relevant to catalysis, rather the edges or
rims. At the edges of the MoS2 crystallites, the molybdenum can stabilize an unsaturated site,
also known as an anion vacancy. Sulfur-containing molecules, such as thiophene, bind to this site
and undergo a series a reactions that result in both C-S scission and C=C hydrogenation.
Hydrogen serves multiple roles, such as generation of anion vacancy by removal of sulfide,
hydrogenation, and hydrogenolysis. A simplified diagram for the cycle is shown in the figure 6.
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Figure: 6. Mechanism of Sulfur Removal Reaction [12].

According to Qian [12], in the sulfur exchange with H2S (Route II), when one vacancy is
occupied by sulfur in H2S formed in the HDS reaction, a labile sulfur in another site is released
as H2S to form another new vacancy. In hydrodesulphurization (Route I), when a sulfur
compound adsorbs on a vacancy, the C–S bond is subsequently cleaved, and the sulfur remains
on the catalyst. Simultaneously, another sulfur atom is released as H2S and a new active site is
formed.
On the subject of supported catalysts, Lauritsen et al. using Scanning tunneling microscopy
(STM) and Density functional theory (DFT) calculations have reported direct images of key sites
and reaction intermediates in HDS [13–17]. Of particular importance is the observation of a new
class of fully sulfur-coordinated sites, the so-called brim sites, which may play a role in the HYD
12

pathway. These new types of metallic brim sites are exposed only in the top layer of multi-stacks
and are located adjacent to the edges. It was found that the brim sites due to their metallic
character may bind the sulfur containing reactants, playing a key role for hydrogenation
reactions; moreover it was found that the region at the brim is fully saturated by sulfur,
establishing that the brim states are not the result from the presence of vacancies. Topsøe et al
[17] observed that thiophene may be both hydrogenated and ring opened at the brim sites, this
was an unexpected result, because the brim sites are not coordinately unsaturated sites (CUS)
and researchers had generally accepted that the reactions involved sulfur vacancies which are
CUS.

1.2.3 Promoted hydrodesulfurization catalysts structure: the CoMoS model
It is well known that introducing elements, such as nickel and cobalt promoters, increases the
structural disorders of the MoS2/WS2 and enhances the formation of a pretty active MoS2/WS2
species [18-19]. The addition of a promoter in the synthesis of transition metal sulfides allows
obtaining a more reactive catalyst. It was shown that the synergy effect when cobalt/nickel is
introduced as promoter to molybdenum/tungsten, forming segregated phases Co/Ni–S and
Mo/W–S with separate crystals [20-21]. It is generally accepted that the HDS activity is
associated to the presence of the Co–Mo–S structures that consist of small MoS2 or WS2 clusters
with promoter atoms located somewhere at the edges of MoS2 slabs [22].
In order to correlate the structure of the active promoted phases in catalysts to the reactivity,
some models have been proposed trying to clarify the synergy between promoters and Mo/W, for
instance the Contact Synergy Remote Control Model [23-24] establishes mutual aid between the
segregated promoter sulfide and the remaining MoS2 and mixed metal sulfide Co/Ni–Mo/W–S
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phase. It has been shown that the segregated promoter sulfide provides spread out hydrogen to
the active sites on the edges of the MoS2 structures.
Chianelli et al. were the first to propose a chemical explanation for the synergy [25], in terms of
heat of formation. Only metals, of which the sulfides have an intermediate heat of formation
strong enough to lead to a significant adsorption of the organic molecule and weak enough to
release H2S after desulfurization, will be good catalysts. It is believed synergy could be an
electronic effect through donation of electrons from Co to Mo weakening the metal–sulfur bond
strength, Harris and Chianelli [26] reported the periodic trends of transition metal sulfides
catalysts and proposed an interpretation of the synergetic effects in terms of the filling of the
transition metal sulfides d-band. According to Berhault, the weakening of the metal–sulfur bond
strength makes the sulfur atom shared between Co and Mo more basic and also more labile [27].
This result suggests an enhanced quality of the active sites due to the electronic promotion by
cobalt. Nørskov et al. formulated The Bond Energy Model [28] stating that the promotional
effect for Co/MoS2 system could be explained by a reduction in sulfur binding energy and thus
an increase in the overall number of sulfur vacancies leading to high HDS activities. The
synergetic effect between promoters Co or Ni and Mo is explained by the intermediate d–
electron occupation in these mixed sulfides, to account for the influence of the d-band filling
through the transition series on the metal–sulfur bond strength of bulk TMS. The first physical
proof of a specific Co environment in the mixed cobalt-molybdenum catalytic system was
presented by Topsøe and his group. Their research in Co–Mo–S and Ni–Mo–S type structures
showed that the building blocks of Co–Mo–S are small MoS2-like domains or nanocrystals with
the promoter atoms located at the edges of the MoS2 layers. Topsøe [29] reported that depending
on the nature of the support interactions, the Co–Mo–S structures may be present as either Type I
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or II which has different catalytic properties. CoMoS type I found in monolayer slabs is proposed
to be a incompletely sulfided structure having some remaining Mo–O–Al linkages to the support,
due to the interaction in the calcined state between Mo and surface alumina OH groups leading
to oxygen bridged monolayer type structures that are difficult to sulfide completely. Meanwhile,
CoMoS structure type II, found in multilayered slabs is a high activity structure that presents a
weak support interaction. This kind of structure can be obtained breaking the linkages to the
support through high temperature sulfidation or by the use of additives or chelating agents or by
using weakly interacting supports such as carbon.
Karroua and coworkers proposed that in the promoted catalysts, cobalt prefers to incorporate into
the S-edge and nickel to the molybdenum edge of MoS2, and the promoted edge surfaces have
more vacant sites under typical hydrotreating reaction conditions [30-32]. Based in results
obtained from scanning tunneling microscopy, Lauritsen et al. [33] propose a structural model
for Co–Mo–S, where the cobalt is substituted into molybdenum positions at the S-edge.
According to Sorensen, et al [34], the promoter atom is located at the edges of the hexagonal
MoS2 platelets, where the Co ion is surrounded by five sulfur anions, four of which belong to the
trigonal prismatic Mo environment [35].

1.2.4 Structure of the catalytic phase under hydrotreating conditions.
It is fundamental to determinate the catalytically stabilized phases under operating hydrotreating
conditions as a basis for understanding the activity and selectivity of the HDS catalysts. Sulfide
catalysts operate at high temperatures (typically 200-400°C) and under reducing conditions, and
significant restructuring can occur under catalytic conditions. In situ characterization of TMS
materials is generally difficult and limited because of the conditions under which they are used
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(high-temperature, high-pressure, and liquid phase reactions). Therefore, the characterization of
the “stabilized” catalyst under catalytic conditions as well as of the fresh catalyst is necessary
and gives information regarding the relation between the electronic/geometric structure and the
catalytic activity/selectivity [9].

According to Berhault [36], the stabilized TMS should be viewed as sulfide supported carbides
(SSTMC) in their stable catalytic states. The term catalytically stable state refers to the structure
of the bulk catalyst stabilized in catalytic environment. While the bulk phase stays sulfidic by
nature, the surface presents a carbidic character with carbon replacing surface sulfur atoms. It
was shown that structural carbon replaces sulfur atoms at the reactive edges of MoS 2 platelets,
stabilizing the MoSxCy phase. The MoS2 bulk structure remains but in a more highly disordered
state. Thus, the active TMS should be viewed as sulfide-supported transition metal carbides
(SSTMC).

Synchrotron X-ray diffraction patterns obtained by Berhault and co-workers [37] showed little
change after carbon incorporation. No separate carbide phase was observed clearly indicating
that a MoS2-like bulk structure is retained after this treatment. Only subtle textural changes
related to disorder was caused by carbon incorporation.
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.
Figure: 7. Auger carbon edge spectrum of MoSxCy obtained after HDS of DBT compared to a
commercial β-Mo2C sample [37].

They suggested that a carburization process seemed to occur by replacing some sulfur atoms by
carbon without phase segregation, and the MoS2 active edge sites would then be first involved in
this replacement.

However, using NEXAFS (near-edge X-ray absorption fine structure) at the C K-edge found the
presence of a carbide-like surface phase. Figure 7 presents, the NEXAFS spectrum (carbon 1s K
edge) of MoSxCy compared to a commercial β-Mo2C sample [36], it shows that the C K-edge
shapes of these two samples are almost perfectly identical with two sharp resonances at 285.0
and 288.5 eV and a broad feature at ~293.0 eV.
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Figure: 8. NEXAFS carbon edge spectra of MoSxCy and untreated MoS2 [38].

Shown in figure 8 are carbon 1S edge NEXAFS scans for untreated MoS2 and MoSxCy obtained
after HDS of DBT. The sharp features at 286.75 and 288.25 eV are indicative of a carbided
surface in MoSxCy that are clearly absent in untreated MoS2. According to Wen [38],
replacement of surface sulfur by a carbon atom is thermodynamically favored, indicating that
carburization is more favored than sulfidation on the surface of catalysts. For surface sulfur on
the S edge with different coverage, it is found that the higher the sulfur coverage, the easier the
replacement by carbon. In contrast, the replacement of sulfur on the Mo edge is least favored.
Theoretical results from Wen’s simulations show that the replacement of the bulky sulfur on the
Mo edge is as equally favored as those of sulfur on the S edge. It is worth noting that sulfur
replacement favored by carbon is supported by the endothermic sulfidation of transition metal
carbides.
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Chapter: 2
Functionalization and characterization of multi-wall carbon nanotubes
2.1.

Introduction

Over the last two decades since their discovery in the early 1990s [39-40], carbon nanotubes
have attracted a large interest due to many of their unusual properties. These carbon based nanomaterials are considered one of the most important systems that can be used in many systems
[41-43]. Carbon nanotubes are characterized by remarkable structural, mechanical and electrical
properties that encouraged their use in many applications such as polymer matrices and
composites, molecular electronics, chemical sensing, gas storage, field-emission, scanning
microscopy and catalysis [44-48]. In This study, we are going to focus on the possibility of using
carbon nanotubes as a support for heterogeneous catalysis. Carbon nanotubes if used as catalyst
support can have many advantages over the conventional solid carbon catalyst supports. They
can provide high mechanical strength, macroporous and mesoporous surfaces. They also offer a
simpler way with high recovery of precious metals without the need to introduce other impurities
by support burning [49-56]. But the major advantage is that the ability to tailor the surface
chemistry as needed. One major problem that hinders all these potential applications is the fact
that carbon nanotubes are insoluble in any solvent, making them hard to be processed in any
application or dispersed in any matrix. To solve this problem, many investigations have been
done and surface chemical modification was the most effective [57]. Carbon nanotubes surface
functionalization can control and enhance their solubility in any specific solvent Such as water
which will be used in this research as a main solvent for catalyst synthesis [58]. Different ways
of carbon nanotubes oxidation have been reported in literature, varying in several parameters
such as temperature, time, stirring but most importantly the type of oxidants [59]. Oxidants such
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as oxygen, ozone, oxidizing acids (nitric acid, sulfuric acid, hydrochloric acid), hydrogen
peroxide (H2O2) and potassium permanganate to generate the surface oxygen-containing
functional groups, like carboxyls and phenolic hydroxyls, to improve the surface hydrophilicity
[60-61]. Treatment with acid is the most effective method, especially the use of the mixture of
concentrated nitric acid and sulfuric acid (HNO3/H2SO4) in the range 1:3. This can introduce a
higher density of surface functional groups than other oxidants [62].

2.2.

Functionalization of MWCNTs

2.2.1. Materials
Pristine Multi-walled carbon nanotubes (MWCNTs) used in this research, were purchased from
Helix Material Solutions, Inc. They were synthesized by chemical vapor deposition method with
the following characteristics (Length of 0.5-40 µm, diameter 10-20 nm and purity >95%). 98%
Sulfuric and 70% Nitric acids all with analytical grade were purchased from Sigma – Aldrich.
PTFE filter membranes of diameter 25 mm and 0.2 µm pore size were purchased from
Whatman.Co. (A-10 Milli-Q) water filtration system from Millipore was used.

2.2.2. Procedure
Treatment of CNTs with an Acid Mixture H2SO4/HNO3 (3:1):
1.5 g of MWCNTs and 30 mL of 98% H2SO4 were introduced into 1000 mL Erlenmeyer flask
and ultrasonicated for 10 minutes in an ice bath. A 30 mL acidic mixture (15 mL of H 2SO4 + 15
mL of HNO3) was introduced to the Erlenmeyer flask; the mixture was ultrasonicated again for
50 minutes also in an ice bath. Afterwards, the mixture was stirred at 70 С° for 1 hour, and then
was left to cool at ambient temperature [57-59, 67]. The mixture was poured into 100 mL of
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nano-pure water; vacuum filtered and washed with several portions of deionized water till a
neutral pH of filtrate was achieved. The filter cake was then left to dry in a vacuum oven at 70
С°.

2.3.

Characterization of MWCNTs

The efficiency of the functionalization of the MWCNTs was characterized by Fourier transform
infrared spectroscopy (Nexus 470 FT-IR), Raman spectroscopy (DXR SmartRaman), thermal
gravimetric analysis (TGA/DSC 1 STARe System – Mettler Toledo), X-ray diffraction (D8
Discover Bruker) and dispersion test. The morphology of the MWCNTs was analyzed by
transmission electron microscopy.

2.3.1. Infrared spectroscopy

Fig: 9. FTIR spectra of pristine and acid functionalized MWCNTs.
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The Infrared spectra were obtained by using KBr pellets with a range of 500 cm -1 to 4000 cm-1.
The spectrum of the pristine MWCNTs shows almost no signals due to the absence of any
functional groups that can break the symmetry of the structure of the MWCNTs. While in the
acid functionalized MWCNTs, it is obvious that there are introduction of specific functional
groups that broke the symmetry and induced the formation of infrared signals. The FTIR
spectrum of the acid functionalized shows peaks at 1628 and 1370 cm-1 which correspond to
C=O and C–O stretching respectively [58-59, 66, 70, 75]. The two peaks at 2960 and 2820 cm-1
correspond to the –CH stretching vibration mode. The –OH stretching vibration of the –COOH
group should be expressed in a broad peak signal which is obvious at 2428 cm-1. The Peak at
2350 cm-1 corresponds to the carbon-carbon triple bond [63-64].

2.3.2. Raman spectroscopy

Fig: 10. Raman spectra of pristine and acid functionalized MWCNTs conducted with (λexc = 532
nm).
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Raman spectroscopy is an important technique in the analysis of materials based on carbon
especially CNTs. It provides clear information on the degree of the functionalization on the
surface of the CNTs. Fig: 2 shows the Raman spectra of both pristine and acid functionalized
MWCNTs upon excitation at 532 nm. The spectra show two bands that CNTs can be
characterized from namely the G-band and the D-band. G-band is a result of the vibrations of the
sp2-hybridized graphite structure while D-band is a result of the defect and disorder of the
structure that is sp3-hybridized [66]. Acid treatment is expected to insert carboxyl groups on the
surface of the CNTs which in turn are considered as a defect to the lattice structure of the CNT
[63]. Defects lead to a higher intensity of the sp3 D-band. The pristine MWCNTs Raman
spectrum shows the D-band at 1347 cm-1 and the G-band at 1568 cm-1 and with a peak intensity
ratio (ID/IG = 1.3) while the acid functionalized Raman spectrum shows the D-band and the Gband with a relatively shifted values at 1352 and 1592 cm-1 respectively [65-68]. The ID/IG ratio
of the acid functionalized MWCNTs is (1.5). This increase in the ratio means that some carbon
atoms have changed from sp2 hybridized to sp3 hybridized which in turn proves the covalent
functionalization of the MWCNTs.
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2.3.3. Thermal gravimetric analysis

Fig: 11. TGA curves of pristine and acid functionalized MWCNTs.
Thermogravimetric analysis provides a clear prove about the degree of the covalent
functionalization of surface of the MWCNTs. TGA was done at a temperature range from 30 С°
to 850 С° using a 5 С°.min-1 as a heating rate under N2 gas atmosphere. Fig: 3 shows the TGA
curves of both pristine and acid functionalized MWCNTs. Acid functionalized MWCNTs curve
shows that the thermal decomposition was done at multiple stages. The first stage extended to
155 С° and the recorded weight loss was 22.5 % which may be due to the loss of the adsorbed
water resulting from the washing process. The removal of the carboxylic groups from the walls
of the MWCNTs was recorded at the second stage at a temperature range from 155 to 280 С°
with a percentage mass loss of 23.5 %. From 280 to 550 С°, any mass loss recorded can be
attributed to the loss of hydroxyl groups. Beyond 550 С°, the thermal degradation can be
explained by the oxidation of the MWCNTs themselves. While Pristine MWCNTs curve shows
no significant mass percentage loss, it is obvious that pristine MWCNTs exhibit more thermal
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stability than acid functionalized MWCNTs [65-67]. This can be attributed to the defect sites on
the walls of the acid functionalized MWCNTs. In total, the mass of carboxylic groups is
estimated from the curve to be 23.5 %. In order to calculate the portion of carbon atoms
functionalized with either carboxyl (Molecular weight: 45 g.mol-1), or hydroxyl moieties
(Molecular weight: 17 g.mol-1), it is possible to use the equation introduced by D’Este et al
which is the following:

Those numbers mean that there is one carboxyl and one hydroxyl group moiety for almost every
8 carbon atoms. It is obvious that those two functionalities are introduced on the surface of the
MWCNTs with almost the same rate. From this it is just easy to compare the weight loss
percentages from the graph and assign the higher weight loss percentage (23.5 %, 2nd stage 155280 С°) for the carboxylic functional group since it has the higher atomic weight (Molecular
weight: 45 g.mol-1) and the lower weight loss percentage (10 %, 3rd stage 280-550 С°) for the
hydroxyl functional group since it has the lower atomic weight (Molecular weight: 17 g.mol-1).
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2.3.4. X-Ray diffraction

Fig: 12. XRD profiles before and after functionalization. Cu Kα; O, graphite.(λ=1.5418 Å)
After quick comparison between the pristine and the acid functionalized XRD diagram patterns,
it is obvious that both are almost identical. This is a good indication that the treated MWCNTs
did not lose their original structure. The functionalized MWCNTs did keep the two characteristic
peaks at 2ϴ values of 26° and 43.4° which attributes to (002) and (101) diffraction lines
respectively [71-72]. By using Bragg’s law, it is possible to calculate the spacing between the
atomic planes in the crystal lattice the value of the spacing of (002) plane is 3.47 A° which is
almost equal to the value of the spacing of the 002 plane of the graphite. This provides good
information about the characteristic of the structure of the MWCNTs [73, 75].
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2.3.5. Dispersion test

Fig: 13. Dispersion Test for pristine and acid functionalized MWCNTs in deionized water. A)
Pristine sample after 15 minutes sonication. B) Acid sample after 20 minutes sonication. C) After
1 day. D) After 1 month. E) After 3 months.
Functionalized and pristine MWCNTs were sonicated in Deionized water for 20 minutes. This
test is done to investigate the dispersibility and suspension stability of MWCNTs before and after
functionalization. Acid treatment inserted polar functional groups (carboxylic and hydroxyl
groups) on the walls of the MWCNTs as expected. These functional groups have charges of
equal values that will induce the MWCNTs to repel each other leading to a uniform and stable
dispersibility. On the contrast, pristine MWCNTs agglomerate and settle down showing no
dispersion at all [58, 74].
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2.3.6. Transmission electron microscopy

Fig: 14. TEM pictures of A) pristine MWCNTs. B) Acid functionalized MWCNTs.

TEM was used to characterize the morphology of the MWCNTs surfaces before and after the
acid functionalization. Fig: 6a presents pictures of pristine MWCNTs which show smooth and
uniform surfaces as expected in a perfect nanotube structure of graphitic carbon [54, 59]. Fig: 6b
presents picture of MWCNTs which have been subjected to chemical acid treatment. Functional
groups are expected to be inserted on the defect sites of the walls and at the ends of the CNTs.
Although, that the surface of the MWCNTs become rough due to the insertion of functional
groups, the MWCNTs preserved their tubular structure as obvious in the pictures [68, 75].
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2.4.

Conclusion

MWCNTs hydrophilicity was enhanced by surface chemical modification; hydroxyl and
carboxyl functional groups were inserted on the surface by acid mixture treatment. MWCNTs
became very dispersible and stable in aqueous solvents where no agglomeration was reported.
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Chapter: 3
Synthesis of catalysts
3.1.

Introduction

Since the early 1900s, the catalyst market for petroleum industry has been dependant on the use
of TMS. Wide researches and studies have been done to develop more efficient and effective
catalysts to accommodate the strict environmental regulations regarding SOx emissions.
However, there is still a need to do more research to study the electronic and structural properties
of the TMS catalysts to synthesize new catalysts with better catalytic properties than the already
available commercial ones.

The way the HDS catalysts are synthesized is an important step because it influences the overall
catalytic activity. Many methods have been reported regarding the introduction of the promoter
atoms to the MoS2 Catalysts, for instance, catalysts can be obtained as metal oxides by thermal
decomposition of a specific salt which then deposited by wet chemistry impregnation on a
support, such as alumina in order to disperse the catalytic active phase; subsequently the catalyst
is sulfided inside a tubular furnace.

Comaceration method [79] has been also used to synthesize catalysts; this method consists of
reacting freshly prepared oxides with a solution of ammonium sulfide at moderate temperature
(~70°C). The slurry is continuously stirred until evaporation to dryness. Thermal treatment under
vacuum is one of the techniques also used to synthesize the catalysts [80]. More recently,
thermal decomposition of molecular metal/sulfur complexes [81] was studied, either starting
from salts where both the anion and the cation contain one of the metals or starting from
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molecular complexes in which the two metals are part of the same molecular sulfur-ligated
cluster at the outset. These precursors can then be decomposed under different conditions such as
inert atmosphere, hydrogen, H2S/H2, or in situ.

In this study, three different catalysts were synthesized using a hydrothermal synthesis method;
this method can produce highly porous and active catalysts characterized with high surface area
compared to other methods including all the methods aforementioned, these properties are
highly advantageous in petroleum applications. In the catalyst synthesis, functionalized carbon
nanotubes were incorporated in order to study the effect of MWCNTs on the overall surface area
of the catalysts and also their HDS catalytic activity. Molybdenum sulfides catalysts were
prepared, supported on functionalized MWCNTs and promoted by group VIII elements, such as
cobalt or nickel [76-78].

3.2.

Synthesis of catalyst

The MWCNTs-supported Mo based sulfide catalysts were synthesized and activated by using the
hydrothermal method

3.2.1. Synthesis of the monometallic precursor
3.2.1.1.

Ammonium thiomolybdate (ATM) monometallic precursor

This method was reported by Alonso et al. [82]. 20 grams of (NH4)6Mo7O24·4H2O (Ammonium
heptamolybdate) was dissolved in 60 ml of deionized water. 200 ml of ammonium hydroxide
was then added to the solution. A stream of H2S gas was bubbled through the solution for 2
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hours. A precipitation of ATM red crystals was obtained. These crystals were kept in the original
solution to avoid decomposition.

3.2.1.2.

Ethylenediamine thiomolybdate (EDTM) monometallic precursor

20 grams of ATM was dissolved in 50 ml of ethylenediamine. A fine red powder appeared at
instant. Then, it was filtered to obtain a good stable precursor that was stored under nitrogen
environment.
C2H4(NH2)2+ (NH4)2MoS4 → C4N4H14MoS4 + 2 NH3 + 2 H2

3.2.2. Synthesis of the bimetallic catalyst precursor.
This bimetallic precursor prepared in this step will serve as a catalyst paste that will be later
activated through the hydrothermal reactor at high pressure [83].

3.2.2.1.

Cobalt – Molybdenum Sulfide bimetallic precursor paste.

An aqueous solution was prepared by dissolving 1 gram of ATM, 0.5 gram of functionalized
MWCNTs, 0.56 of Co(NO3)2·6H2O (Cobalt(II) nitratehexahydrate) in minimum amount of water
to give an atomic ratio of [Co/(Co + Mo) = 0.33] [1]. This mixture was then mixed and stirred till
a black precipitate appeared. Finally, these materials were vacuum filtered and the catalyst paste
was formed according to the following equation:
Cx + 2 (NH4)2MoS4 + Co(NO3)2·6H2O → x C + (NH4)2{Co(MoS4)2} + 2 NH4NO3 + 6 H2O
Co(MoS4)2 + H2 → Co(MoS3)2 + H2S
Co(MoS3)2 + H2 → Co(MoS2)2 + H2S
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3.2.2.2.

Nickel – Molybdenum Sulfide bimetallic precursor paste.

An aqueous solution was prepared by dissolving 1 gram of ATM, 0.5 gram of functionalized
MWCNTs, 0.56 of Nickel(II) nitratehexahydrate Ni(NO3)2·6H2O in minimum amount of water
to give an atomic ratio of [Co/(Co + Mo) = 0.33]. This mixture was then mixed and stirred till a
black precipitate appeared. Finally, these materials were vacuum filtered and the catalyst paste
was formed according to the following equation:
Cx + 2 (NH4)2MoS4 + Ni(NO3)2·6H2O → x C + (NH4)2{Ni(MoS4)2} + 2 NH4NO3 + 6 H2O
Ni(MoS4)2 + H2 → Ni(MoS3)2 + H2S
Ni(MoS3)2 + H2 → Ni(MoS2)2 + H2S

3.2.2.3.

Ethylenediamine Cobalt – Molybdenum Sulfide bimetallic precursor paste.

An aqueous solution was prepared by dissolving 1 gram of EDTM, 0.5 gram of functionalized
MWCNTs, 0.56 of Cobalt(II) nitratehexahydrate Ni(NO3)2·6H2O in minimum amount of water
to give an atomic ratio of [Co/(Co + Mo) = 0.33]. This mixture was then mixed and stirred till a
black precipitate appeared. Finally, these materials were vacuum filtered and the catalyst paste
was formed according to the following equation:
Cx + C4N4H14MoS4 + Co(NO3)2·6H2O →x C + C4N4H14{Co(MoS4)} + 2 NO-3 + 6 H2O
C4N4H14{Co(MoS4)} + H2 → C4N4H14{Co(MoS3)} + H2S
C4N4H14{Co(MoS3)} + H2 → C4N4H14{Co(MoS2)} + H2S
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3.3.

Catalyst activation

A solution was prepared by adding each of the catalyst pastes to a 50 ml volume of water. Then,
this solution was placed inside a high-pressure reactor (Parr model 4522) of 0.6 L capacity. The
reactor was operated under Nitrogen gas atmosphere and with pressure and temperatures
conditions of 300 С° and 1300 psi respectively for three hours. Finally, the reactor was left to
cool at ambient temperature, depressurized and then the sulfide catalyst was recovered and
washed with isopropanol [84].

Table: 2. showing the different TMS catalysts, promoter elements and type of support used.
Catalyst

TMS

#

3.4.

Promoter

Support

Atom

Material

Catalyst

#1

MoS2

Co

MWCNTs

CoMoS2/MWCNTs

#2

MoS2

Ni

MWCNTs

NiMoS2/MWCNTs

#3

EDA-MoS2

Co

MWCNTs

EDA-CoMoS2/MWCNTs

Hydrodesulfurization of DBT model test

3.4.1. Catalytic activity and selectivity.
The HDS of DBT has been extensively studied as a model reaction hydrodesulfurization of
petroleum feedstock [2]. Laboratory-scale studies have been performed in pressurized flow [85]
and batch reactors [86, 87]. By using batch reactors, useful information such as HDS activity and
selectivity (HYD/DDS) can be obtained by following the composition of the reaction mixture.
The HDS of DBT occurs through two parallel pathways [88]. The main reaction products of the
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HDS of DBT are biphenyl (BP) through the so-called direct desulfurization pathway (DDS) and
cyclohexylbenzene (CHB) and tetrahydrodibenzothiophene (THDBT) through the hydrogenation
pathway (HYD). The selectivity (HYD/DDS) can be approximated calculated by the following
equation.

In this work, the HDS of DBT was carried out in a Parr Model 4520 high-pressure batch reactor,
equipped with a magnetically driven turbine that allows a good dispersion of the gas into the
liquid phase. To perform the HDS of DBT, the reactor was loaded with one gram of catalyst
along with the reagent solution of 6.6 grams of DBT dissolved in 150 ml of decahydronapthalene
(decaline). The reactor was then pressurized to 3.1 MPa with hydrogen and heated up to 623K
with a rate of 10 K/min under agitation of 600RPM. Once the established temperature was
reached, sampling for chromatographic analysis was performed during the course of the reaction
to determine conversion versus time dependence. The reaction time was set for 5 h. The reaction
products obtained were analyzed using a Perkin-Elmer Clarus 500 gas chromatograph equipped
with a 10-ft long x 0.125 in. packed column containing 3% OV-17 (phenyl methyl silicone 50%
phenyl) as separating phase on Chromosorb WAW 80/100.

3.4.2. Reaction test of hydrodesulphurization of dibenzothiophene
The Table summarizes the test reaction results of the HDS of DBT (including the previous
results of unsupported catalysts for comparison). It is possible to see that the functionalization
treatment to nanotubes improves the selectivity of the catalysts generated for hydrogenation
pathway, which may be due to better dispersion of the active phase on the support. Furthermore,
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the chelating agent had no additional benefit over the catalytic activity or selectivity as was
desired.
Table: 3. HDS test results for supported and unsupported Catalysts.
Catalyst
CoMoS2
Functionalized CNT/CoMoS2
NiMoS2
Functionalized CNT/NiMoS2
EDA-CoMoS2
Functionalized CNT/EDA-CoMoS2

Conversion %
95%
94%
89%
82%
95%
92%

Activity K*10E-7 HYD/HDS
29.2
26
25.2
21
27
26

0.31
0.53
0.96
1.94
0.31
0.27

In case of functionalized CNT/CoMoS2 catalyst, there is a 71% increase (from 0.31 to 0.53) in
the selectivity towards hydrogenation. While in the case of functionalized CNT/NiMoS 2, there
was a huge increase in the HYD/ HDS ratio reaching to 102% (from 0.96 to 1.94).

3.5.

Characterization of catalysts

After activation, the catalyst was characterized by XRD, TEM, SEM, elemental analysis, and N2
adsorption-desorption.
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3.5.1. X-ray diffraction

Fig:15. XRD Patterns of the supported and unsupported catalysts. Cu-Kα (λ=1.5406 Å).
(x):MoS2, (+):CoS2, (#):NiS2, (-):MWCNTs
Figure 15 shows the XRD patterns of both supported and unsupported CoMoS2, NiMoS2 and
EDA-CoMoS2 for sake of comparison. The XRD pattern of CoMoS2/MWCNTs catalyst shows
the existence of three different phases, which belong to MoS2, CoS2 and MWCNTs. The pattern
exhibits more poor crystalline structure than unsupported CoMoS2 which can be attributed the
large amount of amorphous carbon that has been introduced to its structure. This highly
disordered form of the catalyst provides more catalytically active site than it is the case in wellcrystallized structures. The low intensity or the broadness of the peaks can be attributed to the
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small size of the crystals of the catalyst. The crystalline MoS2 adopts the hexagonal geometry
where the plane (002) comes at 2ϴ = 14.4° (d=6.14 A°), while the plane (002) in the
experimental pattern shows shift to 2ϴ = 12° (d=7.37 A°) which explains an expansion in the
MoS2 Structure and a variation in its parameters. The (100) plane at 2ϴ = 32.5° (d=2.75 A°) is a
good match while the (103) plane that comes at 2ϴ = 39.6° (d=2.27 A°) has a lower intensity
peak than the crystalline one. The pattern also shows the presence of a segregated phase of the
less stable more active CoS2 Phase. The four planes (200), (210), (211) and (311) show a good
match with crystalline CoS2 at 2ϴ =32.4 ° (d=2.76 A°), 2ϴ =36.4° (d=2.46 A°), 2ϴ =40° (d=2.25
A°) and 2ϴ =55° (d= 1.67 A°) respectively, but in low intensity in the cases of (200) and (311)
planes. MWCNTs phases (002) and (101) appear clearly at 26° and 43.4° respectively as
explained previously. Similarly, the XRD Pattern of the NiMoS2/MWCNTs catalyst shows three
different phases. A segregated NiS2 phase is clear and the plane (200) 2ϴ =31.5° (d=2.83 A°) is
in good match with the crystalline structure of NiS2 while the plane (311) 2ϴ =53.4° (d=1.71 A°)
is much less in intensity than the crystalline plane. The EDA-CoMoS2/MWCNTs also shows
three different phases somewhat more disordered form and poorly crystallized than the previous
two. It is also obvious that the intensity of the peaks is less intense and broader than the
crystalline structure which in turn gives an idea about the size of the crystal of the catalyst being
extra small and in the nano-range.
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3.5.2. Nitrogen sorption analysis
The results obtained from nitrogen adsorption characterization from catalysts before and after
HDS reaction are showed in tables 4 (The unsupported catalysts are added to the table for
comparison). For the supported catalysts, the BET surface area before reaction is in the range (23
- 70 m2/g), while for the unsupported catalysts is in the range (93.71 - 250 m2/g). After reaction,
the whole surface area values are increased, due to restructuring at reaction conditions, which
could be explained due to the rearrangement of the catalyst particles under temperature and
pressure.
Table: 4. Results of textural properties from supported/unsupported catalysts before and after
HDS reaction
Catalyst
SBET (m2/g)
SBET (m2/g)
Pore Diameter (Å) Pore Diameter (Å)
Before HDS After HDS
Before HDS
After HDS
CoMoS2
250.3
210.8
28-45
29-46
CNT/CoMoS2
45
126
78-38
21-38
NiMoS2
101.32
143.89
29-45
28-46
CNT/NiMoS2
23
131
24-123
25-38
EDA-CoMoS2
93.71
88.12
18-45
29-46
CNT/EDA-CoMoS2
70
122
27-34
25-38
Figure 16 shows N2-adsorption isotherms from the supported catalysts (main graph) and pore
diameter distribution (insert) before the HDS reaction. The typical type IV N2-adsorption
isotherms related whit mesoporous materials were showed in all the catalyst with a wide
distribution of pore sizes, which agrees with the wide hysteresis isotherms obtained.
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Figure: 16. N2-adsorption isotherms from the supported catalysts (main graph) and pore diameter
distribution (insert).
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3.5.3. Transmission electron microscopy

Fig: 17. TEM pictures of the CoMoS2 catalyst with functionalized MWCNTs. A) x50000
magnification. B) x200000 magnification.

Fig: 18. TEM pictures of the NiMoS2 catalyst with functionalized MWCNTs. A) x50000
magnification. B) x200000 magnification.
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Fig: 19. TEM pictures of the EDA-CoMoS2 catalyst with functionalized MWCNTs. A) x50000
magnification. B) x200000 magnification.
TEM is an important technique used to determine the microstructure of the catalyst material. It
can provide valuable information about the morphology, crystal phases, composition, crystal
structure and defects. MWCNTs introduction to the composition of the catalysts is clear in all the
different three figures. It is obvious that the MWCNTs are working as a network of carbon based
material which in turn is supporting and spreading the catalyst material. The dispersion and
spread of the catalysts material as a wavy planes on almost all surfaces of MWCNTs is one of
the factors which may play an important role in increasing the surface area and active sites of the
catalyst.
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3.5.4. Scanning electron microscopy

Fig: 20. SEM pictures of Cobalt-Molybdenum Sulfides catalyst.
It is obvious in Fig: 20 that the catalyst is adopting a stacked layered structural form with high
number of Cobalt particles ranging from the micro to nano size. It is also noteworthy that the
catalyst has some disordered form and presenting some cavities that may be caused by the
release of gases through the synthesis process [89-90].
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Fig: 21. SEM pictures of Nickel-Molybdenum Sulfides catalyst.
Nickel-Molybdenum Sulfides catalyst is showing an extreme disordered form with high number
of cavities and porous sites. This may play a vital role in creating more active sites through
increasing the surface area. NiMoS2 phase is spread along the catalyst materials. While taking a
closer look to the cavities presented in this picture, we were able to locate a pool of MWCNTs
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dispersed through the catalyst material and supporting it. The dispersed MWCNTs are clearly
presented in Fig: 22

Fig: 22. A pool of MWCNTs dispersed in the Nickel-Molybdenum Sulfides catalyst materials.

Fig: 23. SEM pictures of EDA-Cobalt Molybdenum Sulfides catalyst.
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EDA-Cobalt Molybdenum catalyst was characterized by a disordered, spongy and random
morphology which made it hard to distinguish. Some Cobalt particles were apparent in the
catalyst material.

3.5.5. Elemental analysis
The scanning electron microscopy was coupled with an energy dispersive X-ray (EDX) which
was used to perform elemental analysis which is shown in table 5.
Table: 5. Atomic percentages determined by EDX for the three supported catalysts.
Catalyst
Carbon Oxygen Cobalt/Nickel Molybdenum Sulfur Total
CoMoS2
61.72
15.43
2.65
5.78
15.34
100%
NiMoS2
54.81
31.65
1.78
3.5
8.26
100%
EDA-CoMoS2 70.1
16.72
1.49
3.15
8.63
100%

The S/Mo, C/Mo, and M/(M/ Mo) (M = Co or Ni) atomic ratios were determined for all the three
different catalysts after the HDS test (Table 6) and compared with the expected synthesis values.
The S/Mo ratios ranging from 2.36 to 2.74 showed a slight sulfur excess from the value expected
value (2) which could contribute in forming the excess sulfur on the edges and basal plane of the
catalysts. The C/Mo ratio for CoMoS2/MWCNTs was almost similar to the expected value
(10.85) while the value increased to 15.66 in case of NiMoS2/MWCNTs; this shows that the
value of carbon is influenced by the nature of the metal promoter (Co or Ni). The large increase
in the amount of carbon in case of EDA-CoMoS2/MWCNTs may be related to the presence of
the chelating agents. Finally, the M/(M/Mo) ratio is similar in all three different catalysts and are
close to the expected values (0.33) which is optimal for synergetic effect (0.2-0.5) of Ni or Co on
Mo showing the good reproducibility of the aqueous synthesis used herein whatever the nature of
the metal sulfide to be synthesized.
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Table: 6. Atomic ratios determined by EDX for the three supported catalysts (M = Co or Ni)
Catalysts
CoMoS2
NiMoS2
EDACoMoS2

S/Mo
atomic ratio
2.7
2.36
2.74

C/Mo
atomic ratio
10.67
15.66
23.79

M/(M+Mo)
atomic ratio
0.314
0.33
0.321

The amount of metal in the synthesis of those catalysts was diluted to almost half-scale (50% C
to 50% Co(Ni)/Mo) due to the addition of carbon nanotubes. This is highly advantageous to
industry since the cost of catalyst synthesis will be substantially reduced especially that
MWCNTs synthesis is cheap and easily available.
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Chapter: 4
General conclusion
4.1. Conclusion
A new family of TMS catalysts supported by aqueous media soluble multi-wall carbon
nanotubes is presented with efficiencies significantly greater than current commercial catalysts in
HDS reactions. These catalysts; although that the amount of metal was diluted by half; they
present high catalytic activity, high selectivity towards hydrogenation, and high surface areas,
that allow the diffusion of relatively large heterocompounds such as DBT and alkyl derivatives
of DBT to the active centers and then the diffusion of the final products.

Three catalysts were synthesized and the scientific basis behind the activity improvements is
presented. These catalysts were tested in a laboratory scale using the Hydrodesulphurization of
Dibenzothiophene as a model reaction and characterized by X-Ray Diffraction (XRD), Scanning
Electron Microscopy (SEM), Transmission Electron Microscopy (TEM), EDX, Nitrogen
sorption analyses. The diffraction data confirm the presence of segregated phases in all of the
catalyst, whose presence is the key to the high catalytic activity. Nitrogen sorption analyses
allowed the determining the catalyst’s porosity, displaying adsorption-desorption curves
corresponding to type IV isotherms characteristic of mesoporous materials and poorly crystalline
structures, this was confirmed by SEM analyses. Using TEM, the structure of the layers of the
catalysts was shown.
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